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To become more sustainable, dairy farms should aim to maximise productivity at a minimum cost to the
environment. Standard environmental impact measures were combined with non-parametric total factor
productivity analysis to investigate if this is possible in a pasture-based production system. Stocking
density and energy-corrected milk production per hectare correlated with overall farm efficiency. More
effective use of concentrates and farm-produced hay make these operations more productive and at the
same time lower their carbon footprint and make themmore nutrient-use efficient. Therefore the pursuit
of greater sustainability is well aligned with the objective of profit maximization in this relatively clean
form of dairy production.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
In a finite resource world, agriculture will have to become more
sustainable if it is to cope with ongoing income and population
growth. However, the complexity of the biophysical system that
needs to be made more sustainable has thus far prevented mean-
ingful measurement of progress (Mayberry et al., 2005; Ernst and
Wallace, 2008; McGuire et al., 2013). There is some consensus that
it is desirable to look at multiple dimensions of sustainability at the
same time (Rigby et al., 2001; Van Calker et al., 2005; Bezlepkina
et al., 2011; Salazar-Ordonez et al., 2013). For dairy farming, the
sustainable production problem can be formulated as minimising
the environmental impact of a given level of milk production or
maximising the output associated with a given level of environ-
mental impact. This paper takes the second approach and uses total
factor productivity (TFP) analysis as itsmain theoretical frame. In this
approach, the technical efficiency with which all inputs are con-
verted into all outputs are considered. The two main environmental
impacts considered are nutrient and greenhouse gas emissions.
TFP analysis can be approached parametrically or non-
parametrically. On the parametric side, a stochastic frontier withay).inefficiency effects has been the standard formulation in the field
since Battese and Coelli (1995) and models of this kind have been
applied to dairy production many times (e.g. Hadley, 2006;
Mkhabela, 2006; Reinhard et al., 1999). See Coelli et al. (2005) for
a technical description of how these models work. This class of
model involves establishing best practice to measure firm-level
inefficiencies and then explaining those inefficiencies with
observable data. In early applications, separate models were run in
which the distributional assumptions needed to predict
inefficiencies contradicted those needed to explain them. In the
Battese and Coelli (1995) formulation this problem is avoided by
fitting both sets of parameters simultaneously.
A nitrogen surplus as possible explanation of deviations in farm-
level efficiency first appeared in the translog production function
put forward by Reinhard et al. (1999). Later a phosphate surplus and
total energy use were added to the model, which was used to
calculate environmental efficiency using both stochastic frontier
analysis and data envelopment analysis (Reinhard et al., 2000).
Unlike stochastic frontier analysis, data envelopment analysis
(DEA), the standard non-parametric approach, accommodates
multiple outputs of which one is often formulated as an environ-
mental “bad”. Ramilian et al. (2011) incorporated nitrogen
discharge as an undesirable by-product of milk production,
Iribarren et al. (2011) included waste water and air pollutants and
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sions, nitrogen surplus and phosphorous surplus on dairy
production.
Our study asks if high levels of technical efficiency in dairy
production are associated with high or low levels of nutrient and
carbon emissions. Like Reinhard et al. (2000) and Toma et al.
(2013) we examine both greenhouse gas emissions and nitrogen
and phosphorus surpluses. The argument goes as follows: if an
increasing productivity (or economic efficiency) is associated with
increasing levels of CO2 or nutrient emissions, a trade-off between
economic and environmental objectives will be confirmed; but if
productivity and emission levels are negatively associated, emis-
sion reductions will be a by-product of profit maximisation.
2. Material and methods
2.1. Dataset
The dataset used in this analysis was obtained from Woodlands
Dairy's Sustainability Project. Woodlands Dairy is a private milk
processor and manufacturer of dairy products based in Human-
sdorp in the Eastern Cape Province of South Africa. The Sustain-
ability Project runs the Trace & Save Programme which is aimed at
cost effectiveness and limiting environmental impact. The program
monitors milk, feed and fertilizer data as well as the soil and water
data needed for carbon footprint and nutrient budget analyses and
offers a field advisory service to producers. Producers receive aFig. 1. Location of tmonthly feed use efficiency report and each farm's environmental
impact is updated annually, which results in an unusually rich and
accurate source of both management and environmental impact
data.
Woodlands Dairy draws milk from the southern portion of the
Sarah Baartman District Municipality, the area between the Storms
River in the west and the Great Fish River in the east (Fig. 1). On the
coast, forage production is mainly rain-fed with occasional irriga-
tion from ground and surface water. Further inland, along the Great
Fish River, it is fully irrigated. In both areas dairy production is
pasture based, with purchased concentrates and some supple-
mentary purchased roughage. The main dairy breeds are Holstein
Friesians and Jerseys or cross breed herds of these two types. The
typical farm is family owned and operated, with an average of 793
cows in milk and an annual milk turnover of ZAR 24.4 million. Feed
costs account for 70% of farm expenses. The coefficients of variation
in Table 1 indicate that most farms in the group are close to best
practice on cow nutrition and less so on hay production. Profit
margins have been under pressure for a while, resulting in many
business failures in recent times, with the number of dairy farms
reducing from 407 in January 2008 to 256 in August 2015 (MPO,
2015).
The dataset contains 80 observations collected from 43 farms in
the period since January 2012, the inception date of the Sustain-
ability Project. These data represent all participants in this volun-
tary programme that raise heifers on the milking farm. Biased
towards the behaviour of first movers, the results presented herehe study area.
Table 1
Selected descriptive statistics (n ¼ 80).
Variable Definition and units Mean CV
Output Tons of energy corrected milk 5,398 0.55
Land Milking platform in hectares 396 0.56
Fertilizer Expense in ZAR millions 1.497 0.91
Feed Roughage and concentrates in million MJ 32.576 0.55
Herd size Average cows in milk per month 793 0.52
% irrigated Irrigated area/total milking platform 39 0.84
Stocking density Cows in milk per hectare 2.23 0.49
% concentrates % of feed expense on concentrates 78 0.21
Rainfall In millimetres per year 748 0.36
Soil carbon % 2.96 0.54
Nutrient efficiency %, composite measure 27 0.43
GHG emissions kg CO2 emissions per kg of energy corrected milk 1.49 0.17
CV ¼ coefficient of variation ¼ standard deviation/sample mean.
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still provide valuable insight into the adoption of best practice. The
years were pooled for the analysis.2.2. Determining firm efficiency
Firm efficiency is calculated with data envelopment analysis, a
linear programming algorithm that fits a piece-wise linear shell of
best practice around a sample of input and output data. For a
production function F with firm level inputs x and output y let
Fðyi; xiÞ ¼ min
h




where li are the set of firm level efficiency scores by which firms
are arranged so that input use is minimized. The Coelli (1996)
software, DEAP 2.1, implements the Banker et al. (1984) variable
returns to scale model with the following linear programming
problem:
Tðyi; xiÞ ¼ minl [2]





where Tð$Þ is the data envelopment dual linear programming
problem to be solved for firm z.
Fare et al. (1985) decomposed overall efficiency into pure
technical and scale efficiency with scale efficiency defined as a
firm's technical efficiency score under the assumption of constant
returns to scale divided by its technical efficiency score under the
assumption of variable returns to scale.
Balcombe et al. (2006) constructed a dairy production frontier
with purchased feed, herd size, irrigated area and fertilizer as
inputs and milk production as output. This formulation supposes a
degree of substitutability between farm-grown and purchased
fodder, with the latter treated as land enhancing input alongside
fertilizer. This aspect of production is treated as functionally sepa-
rable from the other important decision that dairy farmers face,
namely how to combine labour and labour enhancing inputs
(machinery), neither of which was available in the dataset.
Output was energy corrected milk production, with the latter
correcting raw litres for butterfat and protein percentages to reflectthe impact of these variables on the farm-level milk price, as is
standard in the carbon footprint literature (Rotz et al., 2010;
Kristensen et al., 2011; de Leis et al., 2015). For example, if a farm
produces a million litres of milk with an average butterfat of 4%
and an average protein content of 3%, then its energy corrected
milk output is litres of milk production x {[(0.383  butterfat
%) þ (0.242  protein%) þ 0.7832]/3.14}, which is equal to
968,535 kg of energy corrected milk (Sjaunja et al., 1990). Energy
corrected milk production has not been used in the productivity
literature, where milk solids are usually included as a second input
alongside the raw litres of milk produced (Stokes et al., 2007; Kelly
et al., 2012; Mugera, 2013). The average farm in this sample pro-
duces approximately 5400 tons of energy corrected milk per year.
The land variable captures the size of the milking platform, an
average area of 396 hawhich is usually quite close to total farm size.
These data were confirmed using ESRI ArcGIS ArcMAP 10.2.2.
The quantity of fertilizer applied is regularly monitored by
Trace & Save. Rand values for fertilizer were calculated per
nutrient applied, based on the average cost of urea (N), mono-
ammonium phosphate (P) and potassium chloride (K) fertilizer at
local outlets in 2015. The cost of chicken litter (ZAR 500 per ton),
the most important form of bought organic fertilizer used on
farms included in this study, was used to calculate the value of
organic sources of N, P and K. The mean expenditure on fertilizer
was ZAR 3779 per hectare, although it varied more than either
output or feed input.
To compute the total metabolic energy of roughage and con-
centrates, the standard energy content of various feedstocks was
applied to Trace & Save's feed quantity data, using the values pub-
lished in Bredon et al. (1987).
Although most dairy frontier models include cows in milk as an
input, not all do (e.g. Hansson, 2007; Theodoridis and Psychoudakis,
2008; Hansson et al., 2011; Latruffe et al., 2012; Shortall and Barnes,
2013). Herd-size data were available in this dataset, but the variable
was not included in the analysis because cows are an intermediate
farm produced input. It was retained in the partial productivity
analysis to see if cow size and stocking density correlated with total
factor productivity. Other factors examined were rainfall and soil
quality indicators. Rainfall data were taken from farm records or
matched to the nearest official weather station (www.dwa.gov.za/
hydrology/hymain.aspx). Annual soil samples analysed by a LECO®
elemental combustion analyser at Bemlab, a South African National
Accreditation System accredited laboratory, provided the soil carbon
estimates.
2.3. Determining the environmental impact
A carbon footprint assessment (FAO, 2010; Rotz et al., 2010;
Kristensen et al., 2011) is conducted once a year for each farm in
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company owned or controlled sources e and scope 2 e indirect
greenhouse gas emissions from purchased energy e emissions
were considered as they are the only types of emissions for which
accurate data were available and they are considered the most
important. Scope 1 covers emissions from fuel use, enteric
fermentation, manure management, crop productionwhile scope 2
covers emissions associated with electricity production. The
emissions from enteric fermentation and manure management
were calculated using the International Panel on Climate Change
tier 2 methodology (IPCC, 2006). Emissions from fuel use were
calculated on the basis of the United Kingdom's Department of
Environment, Food and Rural Affairs emissions factors (DEFRA,
2012) while the local electricity supplier, ESKOM, supplied the
electricity emission factors. The emissions from crop production
were calculated using the Australian Cool Farm Tool (van Tonder
and Hillier, 2014).
A nutrient budget of nitrogen and phosphorous, and a com-
posite of the two, is used by Trace & Save to measure nutrient
emissions over a period of one year (Cichota and Snow, 2009). The
nutrient budget was calculated by dividing the total amount of the
nutrients (nitrogen and phosphorous) exported as milk and meat
by the total amount of nutrients imported onto the farm as feed and
fertilizer in a year. The composite measure is a simple addition of
the two.
2.4. Examining the link between productivity and emissions
Farmers are trained to pay attention to partial rather than
overall efficiency measures, because partial measures focus their
management efforts on specific aspects of a complex system.
Several of these already familiar partial measures were correlated
with overall efficiency, including stocking density and feed use per
litre of milk produced, alongside the environmental variables
already mentioned. For the analysis, the sample was partitioned
into terciles according to overall total factor productivity. The top
third farms aremost efficient, followed by amiddling group and the
bottom third. A Shapiro-Wilk test conducted in IBM SPSS Statistics
24, checked for normality to choose between single variable
analysis of variance and its non-parametric equivalent theTable 2
Selected partial productivity measures, environmental factors and environmental impac
Partial productivity measures, environmental factors
and environmental impact measures
Efficiency tercile
Upper (n ¼ 27)
Mean ± std deviation
Stocking density (CiM/ha) 2.55 ± 1.32
Milk production (kg ECM/cow) 6,777 ± 913
Milk production (kg ECM/ha) 17,189 ± 8,265
Purchased concentrates fed (MJ/kg ECM) 4.03 ± 1.00
Purchased roughage fed (MJ/kg ECM) 1.49 ± 1.42
Fertilizer (R/ha) 3,031 ± 2,239
Fertilizer (R/kg ECM) 0.17 ± 0.11
Fertilizer (kg N/ha) 209 ± 137
Fertilizer (kg P/ha) 23 ± 26
Fertilizer (kg K/ha) 49 ± 71
Irrigated area (%) [ha irrigated/total ha] 55% ± 33%
Annual rainfall (mm) 714 ± 310
Soil carbon in sand (%) 3.17% ± 0.97%
Soil carbon in loam (%) 2.37% ± 0.99%
Composite nutrient use efficiency (%) 34% ± 13%
GHG emissions (kg CO2e/kg ECM) 1.43 ± 0.20
**p  0.01 and * p  0.05. The Upper tercile was 84e100% efficient, the Middle tercile wKruskal-Wallis test, which was more appropriate in most instances.
The Kruskal-Wallis tests were also conducted in SPSS.
3. Results
3.1. Pure technical, scale and overall technical efficiency
The average farmwas 83.0% efficient in pure technical terms and
had a scale efficiency of 94.2%, of which the product is 77.9%, the
overall technical efficiency. As explained above, these measures of
composite productivity consider all inputs and outputs at the same
time, which implicitly allows for different ways of doing dairy
production. The degree of substitution investigated in this paper is
the movement along the land and land enhancing continuum and
the substitution of purchased feed for fertilizer with which to
produce one's own roughage. The results indicate that members of
the group are within 6% of being optimally scaled and within 17% of
doing the practices of dairy farming as well as they possibly could. If
inefficient firms corrected both types of problems they ought to
improve the output for the currently level of input by at most 22%, a
modest potential gain.
Some farms perform better than others. Table 2 breaks down the
performance by efficiency tercile and Fig. 2 provides the distribu-
tion of the pure technical and scale efficiency scores. Overall effi-
ciency in the top group was 94.1%. In the middle group it was only
78.9% and for the bottom third if fell to 61.9%. Fig. 2 shows that with
eight exceptions, the firms in this sample were within 10% of being
scale efficient. The serious outliers include three firms that were too
big and five that were too small. The optimal scale of production is
approximately 790 cows in milk on a milking platform of 397 total
hectares, with 149 ha of irrigated pastures and 248 ha of dryland
pastures. Farms that operate below this optimal scale run approx-
imately 645 cows in milk on 321 ha of pasture, while those that
operate above the optimal scale have a herd of 1182 cows on about
592 ha.
There was more variation in technical than in scale efficiency
and these two elements were uncorrelated with each other (cor-
relation coefficient [r] ¼ 0.09, level of significance [p]  0.41). The
15% least pure technically efficient firms in the sample were 67.3%
efficient, and since this cohort also included the least scale efficientt measures, grouped by overall efficiency scores.
Kruskal-Wallis H
Middle (n ¼ 26) Lower (n ¼ 27)
2.47 ± 0.96 1.66 ± 0.65 10.86**
6,816 ± 884 6,444 ± 987 2.57
16,428 ± 5,620 10,847 ± 4,834 13.26**
4.82 ± 0.68 5.42 ± 0.98 21.34**
1.22 ± 1.20 2.10 ± 2.16 2.85
4,361 ± 2,722 3,711 ± 2,377 3.41
0.27 ± 0.16 0.33 ± 0.13 16.79**
274 ± 163 250 ± 139 1.98
34 ± 37 19 ± 28 2.86
98 ± 85 75 ± 86 8.05*
42% ± 31% 19% ± 21% 15.80**
784 ± 280 747 ± 215 1.04
3.62% ± 2.03% 2.45% ± 1.60% 8.34*
3.04% ± 1.49% 2.66% ± 0.07% 0.18
26% ± 10% 22% ± 9% 17.19**
1.42 ± 0.21 1.61 ± 0.30 8.43**
as 73e84% efficient and the Lower tercile 3 was 25e73% efficient.
Fig. 2. Distribution of the pure technical and scale efficiency scores (n ¼ 80).
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firms should be able to almost double output with current inputs, at
no further cost to the environment.
3.2. A comparison of partial and total factor productivity measures
The two partial productivity measures that varied with overall
efficiency were stocking density measured as cows in milk per
hectare (p  0.00) and milk production measured in kilograms of
energy corrected milk per hectare (p  0.00). These variables were
highly correlated with each other (r ¼ 0.97, p  0.00) and with
overall productivity (herd size: r ¼ 0.38, p  0.00; milk produced
per hectare of the milking platform: r ¼ 0.42, p  0.00). This was to
be expected, since both land and milk were used to calculate the
frontier and resulting efficiencies. In addition, efficiency was found
to be enhanced by greater access to irrigation (r ¼ 0.47, p  0.00).
The difference in the amount of concentrates fed, measured in
mega joules of energy per kilogram of energy-corrected milk pro-
duced, was significant across the terciles (p  0.00). A significant
negative correlation was also found between concentrates fed and
overall efficiency (r ¼ 0.56, p  0.00). Unlike concentrate use, the
roughage fed per kilogram of energy-corrected milk produced was
not significantly different across terciles. The least efficient
producers have the lowest feed conversion, which means that they
feed the largest quantity of concentrates and roughage per kilo-
gram of energy-corrected milk produced of all three groups.
There was no difference across the efficiency terciles in terms of
the total cost of fertilizer, or the kilograms of nitrogen, phosphorus
and potassium fertilizer applied per hectare. The fertilizer appli-
cation per kilogram of energy-corrected milk produced, differed
between the terciles (p  0.00), and was also negatively correlated
with efficiency (r ¼ 0.46, p  0.00).
3.3. Relating measures of environmental impact to overall technical
efficiency
Significant differences were found between the efficiency ter-
ciles in terms of nutrient use efficiency (p  0.00), with the upper
tercile displaying the highest efficiency. Both overall technical
efficiency and pure technical efficiency correlated positively with
the composite nutrient-use-efficiency score (overall technical effi-
ciency: r ¼ 0.50, p  0.00; pure technical efficiency: r ¼ 0.40,
p  0.00). Nitrogen use efficiency (r ¼ 0.51, p  0.00) correlated
positively with overall efficiency.
Greenhouse gas emissions per unit of milk production,
measured in kilograms of carbon dioxide equivalents per kilogram
of energy corrected milk production, showed a negative correlation
with overall technical efficiency (r ¼ 0.37; p  0.00), indicatingfewer emissions per litre of production onmore efficient farms. The
differences across efficiency terciles were also significant (p < 0.01).
4. Discussion
This study found little variation in technical efficiency amongst
this group of Eastern Cape pasture-based dairy farms. This could be
for one of three reasons: methodological issues, extension input or
as a result of the industry being subjected to a severe cost price
squeeze.
For every dimension added to the production function, there is
an extra opportunity to be efficient in that dimension and with
every observation added, the chances of a given firmmaking it onto
the frontier is reduced. Consequently, one should be careful not to
compare efficiency scores from one study to the next, unless the
models and sample sizes involved are comparable. Our model used
a similar sized dataset to the one analysed by Mkhabela (2006) and
a much simpler model than his six-input affair, which means that
our measured efficiencies ought to be lower than his. At a mean
overall technical efficiency of 78%, our figure is lower than his 87%,
but not as much as one would expect. This provides some evidence
that the Trace & Save Programme is providing useful advice which
enhances the performance of the less productive group members.
In addition, the industry has experienced falling profitability over
the last decade which has made smaller, less efficient operations
unviable (MPO, 2015). The result is an industry in which more milk
is now produced more competitively by fewer primary producers.
Under these conditions it is important to keep technologically up to
date, for example by joining a benchmarking club such as Trace &
Save. This insight from this analysis is that once such captive
audience has been established it becomes possible to promote
more environmentally production methods.
The most efficient farms carry the highest stocking rates and
produce the most milk on the available land. This shows that farm
productivity is best enhanced by greater intensification of agricul-
tural production on the available land. This strategy carries
potential environmental risks though, as intensification increases
the risk of point-source pollution, for example nitrates and phos-
phates causing eutrophication in water sources, and greenhouse
gas emissions contributing to climate change (Shortall and Barnes,
2013; Toma et al., 2013). Moreover, increasing agricultural pro-
duction through expansion threatens biodiversity conservation
(Phalan et al., 2011). While point-source pollution is often
emphasised in the dairy industry as an environmental risk, Hemme
et al. (2014) stress the need for more research on how to manage
nutrients within the limits of existing land use. The results of our
study show that farms that maximise milk output within current
land-use constraints are not only achieving greater economic effi-
ciency, but are also those which have the lowest environmental
impact. Thus, on pasture-based dairy farms, sustainability and
productivity goals are not mutually exclusive, and can be met
through the same practices.
We also found that the amount of milk produced per cow was
not significantly correlated with overall efficiency. The breed and
size of a cow is the most important factor influencing the milk
production per cow, and while the optimum size for a pasture-
based cow in South Africa is a much-debated subject in local
dairy farming circles, our results suggest that this focus is mis-
placed. Therefore, it is not necessary to select for cows that produce
the most milk per cow.
In a pasture-based system, a cow's nutritional requirement is
met through pasture grazing, supplemented with purchased grain-
based concentrates and roughage (Hills et al., 2016). Concentrates,
which are expensive and subject to large price variations, are used
mainly to ensure that the animal receives all the required micro
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also subject to price variation and often needs to be transported
long distances, which is costly. The overprovision of concentrates
and/or roughage can result in a reduction of intake of pasture by
cows. This is known as substitution, and should be avoided, as it
causes inefficient pasture utilisation (Hills et al., 2016). Efficiency
can thus be improved by saving on concentrates to some degree,
but this strategy involves maintaining a fine balance, as too few
concentrates could result in lower milk production.
Farms with the highest stocking rate are the most efficient.
Although annual rainfall was found to be uncorrelated with effi-
ciency, efficiency increased with the percentage of pasture that is
irrigated. While enough pasture growth is important to support a
higher stocking density, Dillon (2006) pointed out that the impor-
tant thing for profit maximisation is not to let available pasture go
to waste. The other way in which good pasture management con-
tributes to farm welfare is that, through the timing of rotational
grazing, root growth is promoted which sequesters carbon (Conant
et al., 2001), which has the ability to mitigate some of the negative
effects of greenhouse gas emissions from dairy farming (Rutledge
et al., 2015).
Since the amount of milk produced per hectare correlated with
efficiency, it was expected that overall fertilizer use would too, but
it did not. Fertilizer costs, and N, P and K applied per hectare, were
the lowest and highest in the middle and upper efficiency terciles,
and fertilizer costs per kilogram of energy corrected milk
increased from the upper to lower efficiency tercile. This indicates
that the effective use of fertilizer, used to grow productive pas-
tures which are converted into the output, milk production, im-
proves efficiency.
Soil carbon is an important indicator of soil health, as carbon
improves the physical properties of soil, which in turn ensures
nutrient availability and improves soil biology (Tiessen et al.,
1994; Martinez-Salgado et al., 2010; Fageria, 2012). Improved
soil biology can contribute to a farm system which has moderate
resource inputs, but still results in high productivity (Bender et al.,
2016). The potential improvement of soil carbon on soil fertility
and water-holding capacity is greater in sandy than loamy soils,
since clays have many of the same properties as organic matter.
Therefore, the correlation that was found between soil carbon and
efficiency on farms with predominantly loamy soils was not
expected, whereas it was expected that the relationship be pre-
sent on the subset of farms dominated by sandy soils. The lack of a
significant relationship between soil carbon and efficiency is not
easily explained. As mentioned above, effective grazing manage-
ment has the potential to increase soil carbon levels, but since
there was no baseline data on soil carbon levels, this hypothesis
had to go untested. Further research is therefore needed to
understand the influence of soil health on farm efficiency, and vice
versa.
The carbon levels in sand were higher than those in loam, which
might point to a concerted effort by farmers to build organic matter
in their soils as had in fact been done by the field staff of the sus-
tainability project. Recommended practices include minimal
tillage, rotational grazing systems and planting multiple plant
species in pastures (Conant et al., 2001; Sanderman et al., 2013;
Badgery et al., 2014; Rutledge et al., 2015).
Carbon footprint analysis has become broadly accepted as an
assessment of the negative environmental impact of an entity in
relation to greenhouse gas emissions and this includes the dairy
industry (Shortall and Barnes, 2013; Toma et al., 2013). When
considering a farm's carbon footprint, arguably the most important
aspect to measure is the emission of carbon dioxide equivalents per
relative milk production, as this measure allows for production-
focussed comparisons between different management systems.The results indicate that the more efficient farms are characterised
by lower emissions per unit of production.
Nutrient balance sheets are used to calculate the total quantity
of nutrients imported onto the farm as fertilizer and feed and the
total quantity of nutrients removed as milk. While originally
devised as a cost management tool (Spears et al., 2003) they are
now often used to monitor environmental impact (Reinhard et al.,
2000; Cichota and Snow, 2009). The inputs and outputs are very
similar to those used in data envelopment analysis, therefore the
outcomes were expected to be correlated. By including the
nutrient budget analysis in this paper, a connection was made
between a commonly accepted agricultural economic assessment
of efficiency and an accepted assessment of agricultural impact on
the environment. Although this has been done in previous studies
on dairy farms by Reinhard et al. (2000), Ramilian et al. (2011) and
Toma et al. (2013), these researchers included proxies for the
environmental impact factors directly in the frontier, and not to
explain deviations from the frontier as was done here. Opposite to
our study, Ramilian et al. (2011) concluded that lowering stocking
rates and selecting higher producing cows could improve envi-
ronmental efficiency. Although not a finding of their study, they
did identify reduced external nitrogen inputs as a mechanism
to reduce nitrogen discharge, which we found to be true in our
study. Toma et al. (2013) compared genetic divergence between
contrasting management systems and concluded that genetic
differences and herd health are a main driver of efficiency. Similar
to our study, they found inputs to influence environmental
efficiency.
5. Conclusion
We investigated whether a pursuit of economic efficiency in
dairy production had an adverse bearing on the environment. A
high overall efficiency was observed on many fully efficient farms,
although most farms could still improve. This study found that the
cost-drive influencing the high efficiencies on the farms, i.e. the
efficient use of fertilizer and bought feed, as well as the maximum
utilisation of the available land, all set up by a highly competitive
market, was beneficial for the environment. Sustainability and
productivity goals can be met through the same practices on
pasture-based dairy farms.
An important area to improve on is the practice of optimising
stocking rate in order to maximise the utilisation of pasture growth
(Dillon, 2006; Hills et al., 2016). The least efficient farms in this
study appeared to be under-stocked, and thus produce the lowest
amount of milk per unit of land. Another opportunity for improving
efficiency is to increase milk production per unit of concentrates
fed. The measure “grams of concentrates fed per litre of milk pro-
duced” is widely adopted by dairy farmers as an indicator of effi-
ciency, and this study confirms the usefulness of such a measure.
Climate and soil type did not appear to have a significant effect on
the technical efficiency of the farms studied, indicating that these
environmental factors should not be a limiting factor in managing
an efficient dairy farm in the study area. These insights into how
pasture-based dairy farmers can achieve greater total factor pro-
ductivity on their farms can inform the practices of not only
farmers, but also those of consultants and researchers.
Further research should determine practices that most influence
technical efficiency, but because dairy farming systems are complex
and vary between geographic areas, this is a challenging task. This
study has provided some groundwork, by identifying areas of
opportunity for a group of dairy farmers to improve efficiency, and
thereby the sustainability of their farming system. Further research
should also go into exploring how labour and capital productivity
interact with land productivity.
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